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PREPARATION OF SEMICONDUCTOR SUBSTRATES

~ The present invention relates to the production of semiconductor devices

and in particular to the preparation of indium phosphide semﬁcaﬁducwr substrates
for use in thé pmductim of semiconducter devices using MOVPE techniques.

MOVPE (Metal Organic Vapour Phase Epitaxy} is commoniy used to grow

a wide variety of semiconductor devices comprising multiple layers which reguire

_ pr@cﬁsg material composition and thickness. In some materials systems, virtually

monolayer control can be achieved using MOVPE when switching from one
compound to another which in some cases is essential for accurste, repeatabie
device fabrication. The achievable purity of deposited layers using MOVPE is

_ _p@temﬁ@ﬂﬂy very high but can be affected by the purity of the starting products. As

leng as the starting products are not totally pure, device manufacturers havs 1o

‘take stepfs 1o avoid or counter the unpredictable effects that the impurities have on

manufacturing processes, or suffer from reduced device yield.
it has besn shown that epitsxislly deposited lE-v semiconductors
commonly suffer from the presence of conductive imerfacial layers at the

. substrate interface [1].

. This phenofnsnon presents & particular prablem to InP based fieid effect
transistors (FETs) grown on Fe-doped InP substrates because it prevents pinch-off
by pr@vid-_ﬁﬂg a parailel conduction path that cannot be controlied by gate véﬂtage.
T_h@s ‘also faises ocutput conductancs, dé\iﬁceetc»devica leakage and can add @

.pamsitﬁ_c capacitance affecting high frequency performance.

Conducting interfacial layers can have many origins, however, the
strongest recent evidence indicates accumulation of Si atoms at the
subm@te!epitaxiaﬂ layer interface to be the major culprit [1). Interfacial impurities
heve been variously attributed to gm'diﬁusﬁon from the substrate, residues from

‘substrate preparation solutions and contamination from ambient air. In addition,

the inventors have observed Si accumulation in an MOVPE kit for several waeks
following refurbishment of the vent-run gas switching manifold. Even when below
detsction limits in grown layers, this is another potential source of surface

c@mamginaﬁ@ﬂ_ during wafer heat-up. [n practice, it is quits likely that several of

~ these mechanisms may contribute to contamination simultaneously, varying in
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degree of severity depending on factors 'such as the substrate batch or
manufacturer, its handling and preparation procedu‘r.e,. chemical batches and the
history of the growth‘kit. - '

The significance of the accumulated éilicon_ greatly increases as device
complexity increases, since fabrication times increase giving the silicon more time
to accumulate. Therefore, the production of highly int"egrated' monolithic
semiconductors i'nclu.ding', for example, HFET (heterojunction field effect
transistors), lasers and transmitters, HEMTSs (high electron mobility transistors) and
OEICs (opto-electronic integrated cichits) has hi'ghlighted the need to overcome
the problem. ' o

Many workers have developed processes for :mitigating paralle! conduction
in FETs and HEMTs.' Recently, H. Ishikawa et al in "Origin of n-type conduction at

the interface between epitaxial-grown layer and InP substrate and its 'suppression

. by heating in phosphine atmosphere”, J. Appl. Phys 71(8), 15 April 1992, pp

3898-3903, described a study into the origins of n-type conduction due to Si
atoms' at the épitaxial layer-substrate inferface. In the study Ishikawa et al
theorised that Si atoms originated in the air, possibly from the filters used in clean
rooms, and b_ecame- adsorbed into the InP. The adsorbed Si subsequently
accumulated at the epitaxial layer-substrate interface and manifested itself as
n-type impurities causing n-type conduction at the boundary. To counter this.

Ishikawa et '_al proposed a method of removing the atoms from the InP substrate‘bv

-annealing it in a PHj atmosphere, The process invoived heating the InP to a

temperature of around 700°C for 20 minutes with a PH, flow rate of 1200sccm.
The resdlts indicated that a high proportion of the Si atoms adsorbed intc the InP
surface were desorbed, which reduced the e'ffebt of n-type Si conduction.

In another paper, "Highly Resistive iron-doped AllnAs layers grown by
Metalorganic Chemical Vapour Deposition", J. Appl. Phys. Vol. 31 (1992) pp
L376-L378, Ishikawa et al described a method of fabricating a semi-insulating
iron-doped AlinAs buffer {ayer on an InP substfaté”pfior to the deposition of further
epitaxially-grown layers. By this method, the ihﬂUehceof the substrate itself, over
the epitaxially-grown layers, is mitigated.

Although tﬁe “existence of paralk_al "c'or'\duction' mechanisms  has been

recognised for at least 10 years, and more recently the causes of the mechanisms,
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for example n-type ééﬁductﬁon by silicon atoms, hj'v":é_'i-.been isolated, surprisingly,
nene of the proposea lﬁethods of overcoming or countering the effects of the
mechanisms have proved 'emiréﬂy sétisfactorv. In sueh a rapidly growing and
important field as lll-V semicanductor device fabrication, a method of successfully
and reproducibly fabricating devices without paraliel conduction mechanisms would
be of é_xtarem@ commercial importance.

Therefore, in aécordance with one aspect, the present invemion'pmvﬁdes a
method of preparing a semiconductor substrate for subsequent growth of epitaxial
layers, the method com[prising the steps of, annealing the substrate to reduce the
concentration of impurit\;' atoms present on or in the substrate, and thereafter,
growing one or more buffer layers on the substrate, the or st lsast one of the
buffer layers comprising a semiconductor material doped with metel atoms.

The annealing step promotes any tendency for surface accumulation of
impurities, for example silicon atoms, by diffusion frem the buik substrate. Alsg,
annealing promotes impurity atom removal from fhe substrate surfacs.

For the example of annealing an InP substrate, impurity atems, for
exampie silicon atoms, in or on the 'substrate are repﬁaced with phosphorus atoms.
The annealing is carried out at a temi}eramre which is high encugh to promote high
mability of surface atoms on the substrate. The phosphorus atoms are transported
in a flow of gaseous phosphine, or other suitable phosphorus containing compound
which vields phosphorus atoms, the flow rate being great emu@h to maintain an
overpressure which prevents net loss .-af phosphorus atoms due to heating. It has

been shown [2] that the rate of removal of silicon impurity atoms is proportional to

the heating time, the -heating temperature and the flow rate of p[hosphiﬁe.'

Therefore, the maximum benefit from annealing can be achieved by maximising the
values in the anneaiing process. Howsver, the values should in practice be set for
practicality, i.e. so that the annaﬁiﬂg step does not take too long, phosphine flow
is not so high that filters hecome blocked, ete. It is expected that some benefit
waund accrue at a temperature as low as 800°C, for a time as short as 5 minutas
and with the minimum ph@sphine flow suﬁﬁéient to stabilise the InP surface at the

anneal temperature.
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Substrates other than InP are typically annealed in atmospheres compnsmg
other surtable conditions. For example, for a GaAs substrate, the anneallng step is
carried out in an atmosphere typlcally comprrsrng arsme _

It is clear that strict compllance with specific values for the annealmg
process is not necessary and that the values may be_traded off against each other.
For example, a higher heating tempera.ture would require a shorter heating time.

The buffer layer {or layers) provide(s) a semi-insulating barrier between the
substrate and subseouently grown epitaxi_al Iay_ers 'to reduce the influence the
substrate has over the'nature and _performance of the subsequently' grown epitaxial
layers. . | . .

. For WI/V compounds such as doped GaAs ~or doped GaAIAs.
semi-insulating layers can be epitaxially grown by M_OVPE__ by varying the 1il/V ratio.
Increasing the IlI/V ratio alters doped p-type GaAs 'or GaAlAs to n-type GaAs or
GaAlAs, and vice versa Near the polnt of conversuon, the GaAs or GaAIAs
exhibits high resistivity and can thus act as a semn-msulatlng layer. '

in the_ case of undoped InP, layers grown by _MOVPE generally show
n-type conduction i'ndio'ating. that und_oped AllnAs layers cannot form highly
resistive (semi-ihsulating) buffer layers by varying the lll/V ratio. However, it has
been shown that doping an InP layer with iron reduces n-type conduction in the
lnP This is also the case with doping AlinAs wrth iron.

it has been shown that iron atoms cancel the affects of n-type carriers, in
effect forming 'carrier traps', and that the higher the iron concentratlon, the
greater the insulating properties of the iron doped IhP or AIInAs [3].

At least one buffer layer is deposrted on the semlconductor substrate
using MOVPE growth techniques. In the case of InP, the buffer layer is doped with
iron to increase the resistance of the buffer layer by allowing the electrically active
iron atoms to act as deep carrier traps :for:the' n-type _c_a_rriers. Alternatively, other
serhi-insulating dopants such as cobalt (Co)-.a'nd rhodium (Rh) are expected to be

effectwe alternatives dopants to iron to act as n-type camer traps, although,

‘most cases the resistivity of the InP will be lower.

Other dopants, for example chromlum, have been seeh to act as p-type
carrier traps in InP and GaAs. In general, for a dopant to act as an effective carrier

trap, it is a requirement that it sits as closely as possible to the centre of the band-
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gap of the base matérial in which it is doped. Then, the dopant, and hence any
' tmppeid_ carriers; are as far away as possibie from both the vatance and conduction

bands_ @f_ 'the base material making carrier escape through thermal or electrical
axeﬁtaﬁom difficult. As a resdﬁt, the doped base material increases greatly in
resistivity. Obvi@usﬂy, a dopant is selected for its ability to act either aé a p-type
garrier trap or as an n-type carrier trap irﬁ dependence ém the type of conduction,
f@r example due m the presence of nmpumﬂes, 9xhnbmted by the base material.

The mvemors have shown that a combination of annealing and a
subseguently grown semi-insulsting buffer layer is an effective method of greatly
réducﬁng the effects of conducting interfacial layers, in most cases. However, in

some cases, for example in & case where a substrats boule proves to be

particularly sus_éeptibie to parallel ceonduction mechanisms, a further step is

included ﬁﬁ the preparatory stages of a substrate to offer greater protection against

The funhar step is an etch step, which is camed] out between the
annesaling step and the buffer layering step. The etch step rernoves any surface
contaminants from the substrate, for example oxygen or oxides which may have
contaminated the substrate from the atmosphere in which the boule is stored or

'tramsp@ned and pmvndes a c!ean, flat surface on which subsequent epitaxial

5&»}3@3 can be grown. The inventors have shown that any etching process, and
indeed any etchant, for example phosphorus trichioride to etch InP, which is

shown to épmvﬁde non-praferential etching {i.e. poiish etching), without unduly‘

. r@ughenmg the substmts surface, is suitable for the etching step. The inventors

25

30

have alsc shown thart gassetchmg pmvwdas better rasuits than wet-etching because
g@seetehing is carried out mesutu. providing exclusion of impurities that may

' veac@mamﬁnate the surface of the substrate. 'Pref@rbﬁy, no more than about Tmm
' &nm is to say, _the first few monolayers} of surface substrate is removed to

pmﬁde substrate surface of the required cleaniiness.

The Invention will now be described in greater dstail, by way of example,
with weﬁefeﬂé.e to the following drawings, in which: |

Fﬁgme 1 sh@ws é typical HFET structure;

Figura 2 shows typical capacnamefve&mga depth profiles of HFETS tested

i the course of sx@enmem, and
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Figure 3 shows a typical set of HFET characterrstrcs obtained from an
HFET fabricated on a substrate prepared accordmg to the present invention.

An iron-doped InP substrate was prepared for subsequent eprtaxral HFET

-devrce growth as follows.

The iron-doped InP substrate was.in:stalled in an atmospherie pressure
MOVPE reactor. For the annealing stage, the substrate was heated to a
temperaturé of around 750°C, in the reactor, |n an atmosphere of phosphine and
hlghly pure hydrogen

At around 400°C the surface of an InP substrate becomes unstable uniess
phosphine or a similar gas is present in the atmosphere to stabilise the surface.
Typically, therefore, a phosphine ﬂow. _should Ibe present during the whole
substrate heating process, or at least frorn_"aror.rnd '40_0°C upwards.

The rate of impurity silicon atom'rem'oval from a substrate due to the
anneahng step has been reported to be proportional to the heatlng time and
substrate temperature [2]. _ _ _ ,

The substrate was annealed at 756°C for 30 minutes with a phosphine

flow of 46sccm (standard cublc centlmetres per mmute), to provide a partial

| overpressure of 7x10 atm. This temperature, time and phosphine flow were all

set to the maximum practical levels whlch the MOVPE reactor could sustain to

‘maximise the promotlon of any tendency for surface accumulatron of |mpur|t|es

from the bulk substrate, and also to promote S| removal by exchange of impurity
atoms on the substrate surface with those of phosphine. The best results were '
achieved at 750°C under 46sccm phosphrne (100%) drluted with H; at a flow rate

" 0f 6.3 litres/minute The next stage of preparatron involved gas-etching the

substrate, again at atmosphenc pressure, at an etchmg temperature of 400°C for
25 minutes in a mixture of phosphorus tn_chlonde and high purity hydrogen. The
etching step was carried out straight after the annealing step without removihg the
substrate from the MOVPE reactor. The temperature in the reactor was reduced
from 750°C to 4OQ°C_ whilst maintaini,ng' thi.e'flow of annealing: phosphine to
maintain the stability of the surface of the substrate. - When the etching
temperature was reached, the phosphine flow was 'switched off and replaced with
a 56sccm phosphorus trichloride flow diluted _with a .high purity hydrogen carrier

having a flow rate of 6.3 litres/minute. The phosphorus trichloride 'was contained

- in a bubbler held at 0°C and its \rapour transported into the reactor at a rate o_f
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9.5x%10 mole per miﬁmé by thé hydrogen 4crr§er3:. gas The flows and stching

. temperature Wm)e determined by calibration and were those found optimal for
' non-preferential etching at a controlled and reproducible rate of 1mm per hour.

After the complation of the etchmg step under phosphorus trichloride, the
ﬁow -of phosphme was re-instated to maintain the surface of the substrate in a

" stable stats during a period taken to heat the substrate from 400°C to 850°C.

The buffer layers were grown at 880°C using cenvemioﬁ_aﬂ MOVPE process.

Any set of MOVPE growth conditions which. sallow deposition of
semi-insulating AﬂnAs alloys f{lattice matched to InP to % 1000ppmi and
semi-insulating InP would be suitable.

~ There are three buffeu’ 'iayers . & bottom layer of iron-doped AllnAs, a

- middie layer of iron-doped InP and a top, capping, layer of undoped InP.

- The iron-doped AllnAs was grown, at 680°C, in an atmosphere of:
trimethylaluminium @ 6.7x10° molicm®; wimethyfindium @ 2.4x10° mol/ cm®;
and, arsine (1 00%} @ 3x10’_’ meoliem®, providing a growth rate of 3.0pm per hour.

The combination of the different bottem .saver and middﬁe jayer materiais
gives the benefits of the wide _AﬁhAs band-gap and the higher resistivity of the
Fe-inP. The 'fw.‘mer is unnecessary in n'iost situstions. Dopant sources were
f@m’@cenéan@] hydrogen sulphide. With optimised Al and AsHj; sources the kit was
capable of growing at 650°C undoped AllnAs with background doping fevel of
1~2x‘ﬁbﬂ5cm°s. The iron concentration in both the AlinAs iayer and the InP layer
was 2x10"em™ which wés the maximum achievable solubility of iron in the
substraﬁe, This céﬁcemmtian was chosen to maximise the concentration of

electrically active deep carrier traps. Lowsr concentrations can be used but

obviously with a possible reduction in trap effectiveness for given layer

thickness. Higher concentrations are uniikely to increase the effectiveness of the
trap. | _ '

HFET szmctu}es were grown on substrates plre@éfed according to
conventional methods and aiso accordﬁng to the present method. The HFETs were
then tested for their pinch-off characteristics.

The typical structure of the HFETs tested is shown in Figure 1. The HFET
structures were grown by atmospheric pressure MOVPE using conventional methy)
mmﬂ group i} and hydride group V precursors. The basic HFET structure 8,
gmwn on top of the buffer layer 11, lattice meatched to & semi-insulating
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iron-doped (100) InP substrate 10, consisted of the following layers: 0.3mm

undoped InP 12, 70nm S doped GalnAs (2x10'’cm™ n-type) 13, 5nm undoped

 GaAlAs 14, 50nm un'doped AllnAs 15, 5nm undoped InP 18. The element ratios

should be those which give lattice matching to InP to + 1000ppm.

* The HFETSs wefe fabricated with 100mm wide, Tmm long gates using the
process which is described in detail in D. J. Newson et al, "Dahage-free
passivation of InAlAs/InGaAs HFETs by use of ECR-deposited' SiN", Electronics
letters 1_993, 29, pp472-474, the contents of which are incorporated herein by
reference. |

The resuits of the experimental pinch-off tests are correlated in Table 1.
The table also shows the conditions from which the reISullts. were derived. The
devices were designed to pinch-off fully before -2V gate bias. The criterion used
in the table is pinch-off before -5V as sdch gross dev_iations are well outside doping
control limits of the _MOVF'E kit used and must bé substrate interfacé related. Th'e_
first test approach (batc'h'es 1 to 9) was to !bad_ substrates as supplied because
- experience indicated that almost anything done'to'tth'e' Fe-doped ma_teriai led to
poorer epilayer morphology. However, this approach even When combined with a
variety of buffer layer types, only once led to good pinch-off (batch 6), and this
was not reproducible. .

In every case, w.hen wafers or corresponding test struétures fr.'orh this

series were électrdchemical capacitance/voltage (CV) depth profiled, a large

interfacial n-type spike in the range 5x10 to 5x10"7 cm™ was found, as shown in

Figure '2 {solid line}. This n-type spike was at a depfh which corres_pbnded to the
substrate/epitaxial layer interface and was a good indication that parallel
conduction mechanisms, and hence poor pihch-off characteristics, arose from this

spike.

is Sheet Has Been Re o
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“BATCH | BOULE | SUBSTRATE NUMBER | NUMBE |
PREPARATION ' - TESTED | B WITH
GOOD
PINCH-
OFF
1 c " NONE Y 0.3mm u-inP 5 7
2 K NONE 0.3mm u-inP ) 0
3 K | NONE 0.1mm Fe-inP, 0.3mm u-InP 3 )
% X NONE | O.imm w-AlnAs, ©.3mm uinP 1 o
g $ "NONE B.iem G-AlinAs, 0.3mm u-inP z o
8 s NONE Snm uGainAs, O.1mm wAlnAs, 0.3mm | 2 7
! ' y-lnP '
7 g NONE 6nm u-InP, Bnm u-GalnAs, 100nM u-AllnAs | 1 ]
I 5 NONE 0.1 mm Fe-inP, 0.3m u-inP 2 o
_ s WNONE | C.4mm u-inP ' ) 1 o
10 § WET ETCH | O.1mm Fe-inP, O.3mm u-inp_ 5 3
11 § WET ETCH 0. 1mm Fe-AlinAg, 0.3mm u-inP 1 ) .
12 € ANNEAL & | O.1mm Fe-InP, O.3mm u-InP T T
' . GAS ETCH _
K § ANNEAL & | O.imm Fe-AlinAs, O.amm Fe-inP, O.3mm | 2 2
GAS ETCH winP
s 7 ANNEAL & | O.imm Feo-AlinAs, O.3mm FenP, O.3mm | 1 T
GAS ETCH u-inP _
L F | ANNEAL G.imm Fe-AlnAs, O.3mm Fainb, Omm | 1 | |
| wine _ :
16 3 ANNEAL = & | O.9mm Fe-AlinAs, O.3mm FeinP, 0.3mm | 2 Z
GAS ETCH win ]

‘Table 1: shawing the pinch-off performance of various HFETs fabricated
on substrates prepared in various ways {u indicates undoped, Fe indicates

iron-doped}

Trisls with InP test layers showed that a weteegch which included a
bromine-methanol step, in combination with growth of a thin, semi-insulating
Fe-doped InP or AllnAs anti-spike laver, was capable, in most cases, of
substantially reducing or éliminating -me'cv n-type spﬁké. When this was put into
the HFET process {batches 10 and 11}, 8 much higher success rate was achisved,

4 out of 8 wafers. Unfortunately though, some failures were still obtained, even

within a single substrate batch.
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Triaié with HFETs grown on substrates prepafed according to the present
invention (batches 12 to 16) provided a 100% success rate. Substrate' interfacial
layers thus grown were always semi-.insql'ating or low-n-type by CV profiler (Figure
2, dashed line). Again, note that although batches 12 to 16 all used a gas etch,
the invention does extend to the use of a wet or other type of etch.

Although one wafer proved good (batch 15) ‘even without the etching

- step, the reproducibility of this was not explored because the etching step is

thought to offer greater protection against the vagaries of substrate quality (boule
Z was from a source reported to be particulérly suscehﬁble to parallel conduction
problems). o o
Figure 3 shows a set 6f HFET characteristics obtained from HFETs
fabricated on substrates 'prepared by the r_nethod according to the present
invention. From the graph it cén be seen that pinch—off occurs at less than 2V.
While the rhethod of substrate preparation ‘described above finc':ls
particular application in the field of HFET-fabrica_t_ion ori InP substrates, it will be
apparent that the technique finds important appliéétion in the general field of
semiconductor device fabrication. In particdlar, the method is not limited to the
steps described above for fabricating a standard HFET. The method finds
application in the fabrication of other typés of semiconductor devices such as
HEMTs (high electron mobiiity transistors) and optical devices such as lasers, and
photo-detectors, or indeed any type of semiconductor d'evfce which requires high
quality InP substrate preparation. 'Thus the precise detailé of layer composition,
doping, thickness and of overall device dimensions are given by way of e_xamhle
only. Other devices, whether HFETs or otherwise, according to the invention will
typically have very different characteristics to that described above. Nevertheless,
the application of the present invention to the fabrication of semiconductor devices

will be clear to those skilled in the art.
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of epitaxial layers, the method Comprising the stebé of:

~ (a) annealmg the substrate to reduce ‘the concentration of impurity atoms
present on or in the substrate; and thereafter
{b) growing one or more buffer layers on the substrate, the or at least one
of the buffer [ayers comprising a semiconductor material doped with metal atoms.
2. A method according to claim 1, wherein the substrate comprises indium '
phosphide. )
3. A method according to claim 2, wherein the annealing step is carried out
in an atmosphere comprising phosphine.
4, A method according to any one of the preceding claims, wherein at least

one buffer layer comprises a semiconductor material doped with iron atoms.

5. A method according to any one of the preceding claims, wherein at least

one buffer layer comprises iron-doped InP. -

6. A method according to any one of claims 1 to 4, wherein at least one

buffer layer comprises iron-doped AllnAs.

7. A method according to any one of claims 1 to 4;. wherein more than one
buffer layer is grown, of which at least one buffer layer comprises iron-doped InP,

and at least one other buffer laye_r comprises iron-doped AllnAs.

8. A method according to any one of claims 4 to 7, wherein the iron doping

level(s) is in the order of 10" to 10"7em’3.

This Sheet Has Been R, ﬂ
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9. A method according to any one of the prscédﬁiﬁ@ ciaims, further comprising

the step of etching the substrate surface 16 remove surface ﬁmm_.smﬁes', wherein the
stching step is carried out after the annealing step and before the buffer layer '

growing stepg.

- 10. A method according to claim 9, as dependant on claim 2, whersin the
etching step inciudes hesating the substrate in an atmosphers comprising

phesphorus trichioride.

11. A method according to cleim 10, wherein the atmosphere further

c@mmﬁses high purity hydrogen.

12. . A method of fabricating @ semiconductor device on a substrate, whersin

the substrate is prepared according to any one of thé preceding claims.

13. A semiconductor device comprising a substrate and deposited thereon a
plurality of epitaxial device layers, wherein the substrate is prepered according to

any one of claims 1 to 12.

14, A heterojunction fisld effect transistor pmpayred in accordance with claim

1, including a first buffer layer comprising iron-doped AllnAs, a second buffer iayer
comprising iron-doped InP, and a third, capping, buffer layer comprising un-doped
inP.

‘ﬁS, A high elsctron mobility transistor prepared in sccordance with caaim 1,
including a first buffer layer comprising iron-doped AllnAs, a second buffer iayer

-comprising iron-doped inP, and a third, capping, buffer layer comprising un-doped

InP.

18. An opto-eglectronic integratsd circuit comprising at least one

ssmiconductor optical component prepared according to any one of claims 1 to 12.

————

VT
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17. A method of preparing a semiconductor ‘substrate for subsequent
manufacture of a semiconductor device, the method i’néluding reducing the
concentration of impurity atoms present in or on said substrate by é process of
annealing .and substantiaily insulating said semiconductor substrate from
subsequent device layers by providing one or more buffer layers on said substrate,
wherein the or at least one buffer layer p(b"\fidéé carrier traps for reducing
conduction between said semiconductor substrate and said subsequent device

layers.

18. A method according to claim 17, wherein at least one buffer layer

comprises a llI/V semiconductor in which the 1ll/V ratio is arranged to provide a
substantially electrically neutral material.

19. A method according to. claim' 17, wherein at 'Iéas_t one buffer layer
comprises a semiconductor material which when un-doped exhibits e.i_ther n-type or
p-type properties, said semiconductor material being doped with electrically-active

atoms which provide the carrier traps.

20. ~A method according to claim 19, wherein said semiconductor material
when'un-doped' exhibits n-type behaviour and said elecfricallv-ac_tive atoms are

those of iron.

21. A method according to claim 19, wherein said semiconductor material
when un-doped exhibits p-type behaviour and said electrically-active atoms are

those of chromium.

i \iii‘\lfﬁ““‘ ,



